INTRODUCTION
Clustered DNA damages, in which two or more elemental lesions are induced within one to two helical turns of DNA, are formed in DNA by ionising radiation (1, 2) as well as by radiomimetic anticancer agents such as bleomycin. Indeed, their formation is correlated to the ionisation density of these radiations (3) and clustered DNA damage is thought to be difficult to repair by compromising the repair machinery. For high linear energy transfer (LET) radiation, the yield of clustered damage is high with >50% of single-strand breaks (SSBs) and double-strand breaks (DSBs) having vicinal lesions (4, 5) . One of the health consequences of high LET radiation is that ∼10-15% of all deaths from lung cancer can be attributed to radon exposure (6) . These clustered damages may be composed of multiple damaged bases or base lesions associated with abasic (AP) sites as well as SSBs or DSBs formed within a few base pairs of each other. The viability and transformation potential of the cell will depend upon the kinetics of processing of these lesions. The sequential excision of two opposite damages may convert the clustered damage into a DSB that may activate the apoptosis pathway and, if not repaired, is genotoxic. In contrast, the excision and repair of one of the lesions within two closely opposed lesions would lead to maintenance of double-stranded DNA, avoiding the formation of a DSB.
Only a few studies have assessed the way in which clustered damages are processed using prokaryotic proteins (7) (8) (9) (10) . In particular, Harrison et al. (9) and our results (M.-H.DavidCordonnier, J.Laval and P.O'Neill, unpublished data) showed that a 7,8-dihydro-8-oxoguanine (8-oxoG) positioned one base opposite to a SSB containing a nucleotide gap with 3′-and 5′-phosphate termini is a poor substrate for formamidopyrimidine DNA glycosylase (Fpg). The only study with nuclear cell extracts showed that the greatest inhibitory effect on excision of a base modification [dihydrothymine (DHT)] is the presence of an AP site on the complementary strand within 5 bp separation (10) . The present study concentrates on the effect of either an AP site (normal or reduced) or SSBs with various termini on the excision of 8-oxoG, formed as a major oxidative and radiation damage (11) , by the eukaryotic OGG1 DNA glycosylase/AP lyase (12) (13) (14) (15) (16) ). An 8-oxoG lesion on its own is strongly mutagenic through the propensity of DNA polymerases to insert either A or C opposite the 8-oxoG, leading to a high level of G·C→T·A transversions (reviewed in 17). The Saccharomyces cerevisiae OGG1 protein (43 kDa) is a 376 amino acid protein (18) and has a helix-hairpin-helix motif in its catalytic domain, homologous to that of the Nth (endonuclease III) protein. OGG1 does not contain any sequence homology with the bacterial Fpg protein (for reviews see [19] [20] [21] . The yeast OGG1 (yOGG1) is able to remove 8-oxoG and an AP site (particularly when complemented with cytosine; 15,22) and possibly 8-oxoA (23) but not other types of oxidatively-or radiation-induced DNA damage (22, 24) . As with Nth, the yOGG1 protein excises its substrates by a β-elimination process, producing a SSB with 5′-phosphate and 3′-phospho-α,β-unsaturated aldehyde termini (22, 25) .
In this study, specific oligonucleotide constructs containing 8-oxoG base damage at precisely known sites within clustered damages (with DHT, AP site, reduced AP site or a variety of SSBs on the complementary strand) have been synthesised with the positions of the two lesions varied systematically relative to each other. The influence of the other lesion within *To whom correspondence should be addressed. Tel: +44 1235 834393; Fax: +44 1235 834776; Email: p.oneill@har.mrc.ac.uk the clustered damage on the excision of the highly mutagenic base lesion 8-oxoG by the yOGG1 protein has been assessed to gain insight into how such clustered damages are processed initially, since DNA damage clustering is thought to be biologically severe.
MATERIALS AND METHODS

Substrate oligonucleotides
All oligonucleotides were purchased from Genosys or Glen Research. The sequences of the various oligonucleotides are presented in Table 1 . Strand 1 contains either DHT, 8-oxoG, uracil or the corresponding undamaged base as a control at the variable position Y. To obtain a probe containing a β-δ-SSB (see structures in Fig. 4) , two oligonucleotides were used to form strand 1 with a gap at position Y. The oligonucleotides 5′ of the gap Y contain a 3′-phosphate terminus whereas the 3′ oligonucleotides contain a 5′-phosphate terminus. Strand 2, containing an 8-oxoG at the fixed position X, was 5′-32 P-endlabelled using 10 U of T4 polynucleotide kinase (Gibco BRL) with 50 µCi [γ-32 P]ATP (6000 Ci/mmol, 10 mCi/ml, NEN DuPont) in 25 µl of the recommended buffer for 1 h at 37°C. Following purification on a 12% denaturing polyacrylamide gel, the labelled oligonucleotides were hybridised with 1.5-fold excess of the various purified, non-radiolabelled complementary strands. That the annealing was efficient was verified by migration of the DNA samples on a native 10% polyacrylamide gel. To prepare the oligonucleotides containing an AP site at given positions, the 32 P-labelled double-stranded oligonucleotides containing a uracil were treated with 1 U of uracil-DNA-glycosylase (UDG) (Gibco BRL) for 30 min at 37°C in 50 µl of buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA).
Purified proteins
The purified yOGG1 protein was extracted and purified as described in Girard et al. (22) Preparation of a reduced AP site using NaBH 4 The AP site-containing oligonucleotides were mixed 1:1 (v/v) with a freshly prepared solution of NaBH 4 (Sigma) to a final concentration of 1 M and incubated at room temperature for 30 min as described by Castaing et al. (28) . The oligonucleotides were then desalted by passage through a microspin G-25 column (Amersham Pharmacia Biotech) and precipitated with cold ethanol. The efficiency of reduction was checked by labelling both strands of the oligonucleotides prior to incubation with either Nth or OGG1 proteins, which do not effectively cleave a reduced AP site as compared with their ability to cleave a non-reduced AP site as control.
Preparation of a β-elimination strand break by Nth treatment
Oligonucleotides containing an AP site were treated with 10 ng of Nth protein, as described by David-Cordonnier et al. (10) , to obtain, by a β-elimination process, a β-SSB with 5′-phosphate and 3′-phospho-aldehyde termini (see Fig. 4 for structure) at the various fixed positions opposite to the 8-oxoG at position X. The oligonucleotides were then precipitated with cold ethanol, washed, dried and resuspended in the appropriate amount of TE buffer. The efficiency of formation of a β-SSB was visualised after labelling both strands of these oligonucleotides and comparing the migration profiles of the DNA with or without a second treatment with either Nth (25 ng) or HAP1 (5 ng). If additional cuts are not seen, it is inferred that the amount of Nth used was sufficient to nick all the AP sites in the various oligonucleotides.
Preparation of a SSB by HAP1 treatment
Oligonucleotides containing an AP site were treated with 500 pg of human AP endonuclease 1 (HAP1) in 50 µl of buffer (20 mM HEPES pH 7.9, 100 mM KCl, 1 mM MgCl 2 , 20% 
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3′-gagaatcagt ccttatacaX agatNcgacc ctcgtttccg-5′ glycerol) to obtain a SSB with 5′-phosphate and 3′-hydroxy termini at the various fixed positions opposite to the 8-oxoG at position X. The oligonucleotides were then precipitated with cold ethanol, washed, dried and resuspended in the appropriate amount of TE buffer. The efficiency of the formation of a HAP1-SSB (see Fig. 4 for structure) was visualised after labelling both strands of a sample of these oligonucleotides and comparing the migration profiles of the DNA with or without another treatment with either HAP1 (5 ng) or Nth (25 ng). If no increase in cleaved oligonucleotides is seen, it is inferred that the amount of HAP1 used was sufficient to nick all the AP site lesions in the various oligonucleotides.
Cleavage assays for SSB analysis
The double-stranded oligonucleotides (10 000 c.p.m., 200 fmol) were incubated for 30 min with the various amounts of yOGG1, as specified in the legends to the figures, in 5 µl of the incubation buffer (20 mM HEPES pH 7.9, 100 mM KCl, 0.2 mM EDTA, 20% glycerol) at 37°C. Subsequently, 5 µl of denaturing stop solution (98% formamide, 0.025% bromophenol blue, 0.025% xylene cyanol, 2 mM EDTA pH 8.0) was added to the samples, which were then subjected to electrophoresis on a 12% denaturing polyacrylamide gel containing 8 M urea in 1× TBE (89 mM Tris-HCl, 89 mM boric acid, 2 mM EDTA pH 8.3) for 90 min at 85 W. The dried gel was then exposed to a Bio-Rad PhosphorImager screen to visualise cleaved and full-length DNA fragments using phosphorimagery (Bio-Rad, Molecular Imager FX). Quantification was undertaken using Quantity One software (BioRad) to determine the excision efficiency of each enzyme for each of the DNA sequences used. The number of nicked molecules reflects the number of modified bases excised. The efficiencies for multiple damages are compared with that for a single damage to assess the effect of the second damage, present on the unlabelled strand, on the excision of the damage on the labelled strand by the various proteins.
Measure of DSB formation induced by yOGG1
The experiments were done as described above for the analysis of SSB, except that the reactions were stopped by addition of 5 µl of a non-denaturing solution (40% sucrose, 0.025% bromophenol blue, 0.025% xylene cyanol, 5 mM EDTA pH 8.0). The samples were run on a 10% native polyacrylamide gel in 1× TBE for 3 h at 300 V, dried and quantified using the Bio-Rad PhosphorImager as described above.
RESULTS
Effect of a vicinal base lesion on the excision of 8-oxoG by yOGG1
The effect of the presence of a second 8-oxoG on the nonlabelled strand at position Y from -3 to +3 (1 or 3 bp 5′ or 3′, see Table 1 ) on the excision of 8-oxoG on the labelled strand was tested using yOGG1 protein (Fig. 1A) . The major inhibitory effect on excision of 8-oxoG is seen when another 8-oxoG is 1 base either 3′ or 5′ immediately opposite to 8-oxoG on the labelled strand (Fig. 1A) . In contrast, DHT situated 1, 3 or 5 bases 5′ or 3′ opposite to the 8-oxoG of interest on the complementary strand only slightly, if at all, modifies the extent of excision of 8-oxoG on strand Y, seen as a small increase of 1.6 in the efficiency of excision of 8-oxoG by yOGG1 (Fig. 1B) . It is worth noting that the DHT-modified base is not recognised by yOGG1 (data not shown and 24). The presence of a uracil 1-5 bases 5′ or 3′ opposite 8-oxoG does not influence cleavage of DNA at the 8-oxoG position by yOGG1 (Fig. 1C) .
Effect of a vicinal AP site on the excision of 8-oxoG by yOGG1
To create an AP site opposite adenine at the positions defined, the oligonucleotides containing a single uracil at the various positions were treated with UDG. The efficiency of uracil removal was verified by piperidine treatment that chemically cleaves the AP site to give a SSB. Oligonucleotides containing an AP site 5, 3 or 1 base 3′ or 5′ opposite 8-oxoG on the labelled strand were tested for the ability of yOGG1 ( Fig. 2A) to remove the 8-oxoG lesion. The major effect is inhibition of Table 1 ). Double-stranded oligonucleotides were treated with yOGG1 (100-500 pg). The fold inhibition/activation was obtained from comparison with the control without damage on the non-labelled strand. The error bars represent the standard deviation from three different experiments.
excision of 8-oxoG, especially when an AP site is situated 1 base 3′ opposite the 8-oxoG (position +1), with a 6.2-fold inhibition ( Fig. 2A ). An AP site at any of the other positions does not have a significant effect on the excision of 8-oxoG by yOGG1. As shown in Figure 3 , the yOGG1 protein excises 8-oxoG 5-fold more efficiently than an AP site from DNA containing these single damages. Therefore, the vicinal AP site probably remains intact when the 8-oxoG is excised from the clustered damage described above. However, the following experiments were undertaken to address this point.
Effect of a reduced AP site or of a proximal SSB on the excision of 8-oxoG
To elucidate whether the inhibition of excision of 8-oxoG within a clustered damage containing an AP site reflects the presence of an AP site or its conversion into a SSB by the AP lyase activity of yOGG1, we used oligonucleotides that contain a reduced AP site (refractory to excision by AP lyase proteins) or an AP site converted into a SSB with different end-group termini (see Fig. 4 for structures).
The yOGG1 protein is unable to cleave the strand containing a reduced AP site confirming that the AP site is fully reduced (data not shown). As shown in Figure 2B , there is no difference between the effect of a reduced AP site or a normal AP site ( Fig. 2A) on the removal of 8-oxoG by yOGG1.
AP sites were converted into SSB by incision with either Nth or AP endonuclease to create either a sugar remnant with a 3′-phosphoraldehyde terminus and a 5′-phosphate terminus or 3′-hydroxy and 5′-phosphate termini, respectively. We initially focused on the effect of a β-SSB, created by the β lyase action of Nth on an AP site on the complementary strand (see Materials and Methods), on the excision of 8-oxoG. The rate of incision of an AP site by Nth is not affected by the presence of an opposite 8-oxoG at any of the positions tested (10). This β-SSB mimics the cleavage of an AP site by the AP lyase activity of yOGG1. A β-SSB present at a given position in DNA has an inhibitory effect on the excision of 8-oxoG by yOGG1, with the maximum inhibitory effect occurring when the β-SSB is at position +1 (Fig. 4A) . A β-SSB 1 base 5′ or 3 bases 3′ to 8-oxoG on the complementary strand also decreases the extent of excision of 8-oxo-G by yOGG1, whereas an AP site at the equivalent positions has no effect ( Fig. 2A) . It is inferred that the inhibitory effect of a β-SSB extends over a larger interlesion distance relative to the position of 8-oxoG, compared with that of an AP site.
A HAP1-SSB was obtained by treatment of oligonucleotides containing an AP site with HAP1. Such a HAP1-SSB gives the same profile of inhibition on the excision of 8-oxoG by yOGG1 (Fig. 4B) as that for a β-SSB (Fig. 4A) . However, a larger inhibitory effect was seen when an HAP1-SSB is at positions +1, +3 and -3 compared with that seen with a β-SSB at the equivalent positions.
A β-δ-SSB was obtained using various oligonucleotides (see Materials and Methods) to give 5′-and 3′-phosphate strand break termini with loss of a nucleotide, equivalent to that obtained after β-δ elimination of an AP site or by ionising radiation. As presented in Figure 4C , a β-δ-SSB at positions +1 and -1 opposite 8-oxoG has the largest inhibitory effect (23.2-and 15.4-fold, respectively) on removal of 8-oxoG for all the positions tested. This inhibitory effect on excision of 8-oxoG by yOGG1 is larger than that seen with an AP site, normal or reduced, a β-SSB or a HAP1-SSB (Figs 2A and B, 4A and B, Table 1 ). Double-stranded oligonucleotides were treated with UDG to create an AP site at the various uracil positions before (A) or after (B) treatment with NaBH 4 to reduce the AP site. The oligonucleotides were then subjected to excision of 8-oxoG using yOGG1 (100-500 pg). The fold inhibition/activation was obtained from comparison with the control containing no other damage on the non-labelled strand. The error bars represent the standard deviation from three to five different experiments. 
Impact of excision of 8-oxoG within clustered damage on DSB formation
The efficiency of SSB formation resulting from removal of 8-oxoG opposite to another damage was compared with that for formation of a DSB. As shown in Figure 5 , the dependence obtained for the formation of a DSB (Fig. 5B) by yOGG1, using an oligonucleotide containing a β-δ-SSB opposite 8-oxoG, is very similar to that for formation of a SSB on the 8-oxoG-containing strand (Fig. 5A) . In contrast, the formation of a DSB is significantly less efficient than the formation of a SSB, produced by release of 8-oxoG by yOGG1 from an oligonucleotide containing an AP site opposite 8-oxoG (Fig. 6) . This difference probably reflects the reduced efficiency for removal of an AP site in comparison with that for removal of 8-oxoG by yOGG1, as shown in Figure 3 .
Effect of an opposite 8-oxoG on the excision of an AP site by yOGG1
The effect of an 8-oxoG on the opposite strand on the AP lyase activity of yOGG1 is presented in Figure 7 using the same oligonucleotides as for Figure 2A but labelling the uracil-containing strand (see Table 1 ) before hybridisation to the 8-oxoG-containing non-labelled complementary strand. Higher amounts of protein were used than in the previous experiments (2.5-10 ng) due to the efficiency of excision of an AP site by yOGG1 being less than that for 8-oxoG (Fig. 3) . The presence of an 8-oxoG at all the tested positions has an inhibitory effect on the excision of an AP site on the labelled strand. The inter-lesion distance over which the excision of the AP site by yOGG1 is affected is larger than that seen for excision of 8-oxoG within the same series of clustered damages ( Fig. 2A) or in the vicinity of a variety of SSBs (Fig. 4) . The maximum effect is at position -1. It is worth noting that the effect is very low when an 8-oxoG is at position +1 opposite to the AP site of interest (1.7-fold inhibition, Fig. 7) .
DISCUSSION
In the present study, purified yOGG1 protein was used to determine the effect of various neighbouring DNA damages on (-5) to 5 bases 3′ (+5) opposite 8-oxoG or no damage opposite 8-oxoG were treated with either Nth (A) or HAP1 (B) as described in Materials and Methods to obtain either a β-SSB or a HAP1-SSB, respectively. The β-δ-SSB (C) was obtained by hybridisation of the radiolabelled 8-oxoG-containing oligonucleotide with two oligonucleotides corresponding to the strand 1 sequence but with a gap at the various positions Y and containing 3′P and 5′P termini around the gap. Oligonucleotides were then subjected to excision of 8-oxoG by yOGG1 and the efficiency of excision of 8-oxoG was measured after migration of the samples on a 12% denaturing polyacrylamide gel. The diagrams reflect the fold inhibition/activation by comparison to the control without damage on the nonlabelled strand. The error bars represent the standard deviation from three to four different experiments. The structures of the SSB are shown schematically with an arbitrary choice of base pairs for illustrative purposes; a filled circle represents a phosphate group. and DSBs (B) induced by varying amounts of yOGG1 is shown. The curves -5 to +5 represent the relative positions of the β-δ-SSB from 5 bases 5′ to 5 bases 3′ to the 8-oxoG as described in Table 1 ; curve C represents the control DNA containing 8-oxoG opposite the normal complementary strand.
the excision of 8-oxoG, a frequently-occurring and highly mutagenic base lesion, to gain insight into the DNA recognition/ repairability of clustered DNA damage. The presence of an opposite base damage only slightly modifies the excision efficiency of 8-oxoG by yOGG1 DHT) , if at all (uracil) (Fig. 1) . The presence of a vicinal base lesion was previously reported to have only a slight influence on the excision of DHT by the bacterial base excision repair enzymes Nth (8, 10) or Fpg and XRS5 nuclear proteins (10) . In contrast, the presence of an AP site at position +1 opposite 8-oxoG has a larger inhibitory effect on 8-oxoG excision by yOGG1 ( Fig. 2A) . Therefore, provided that both strands of DNA remain intact, the inhibitory effect of a second lesion on excision of 8-oxoG is low except for nearest neighbours. Reduction of the AP site with sodium borohydride (28) results in inhibited excision of the AP site by β-elimination with yOGG1. The profile of inhibition of excision of 8-oxoG by yOGG1 in the presence of a reduced AP site (Fig. 2B) is similar to that for excision of 8-oxoG within cluster damage by the bacterial Fpg protein (M.-H.David-Cordonnier, J.Laval and P.O'Neill, unpublished data). If the base pair distance from 8-oxoG to the second lesion over which the inhibition of excision of 8-oxoG extends is defined as n, then n = 1 in the above situations.
This study focuses more precisely on assessing the way in which the presence of an opposite AP site or the resulting strand breaks induces a large inhibitory effect on the excision of the highly mutagenic 8-oxoG lesion. To confirm that a SSB has an inhibitory effect, even when positioned several base pairs away from 8-oxoG, a variety of oligonucleotidecontaining SSBs with different end-group termini were prepared. SSBs are induced in DNA by reactive oxygen species and ionising radiation and represent a loss of a nucleotide where the strand break termini are a 5′-phosphate and either a 3′-phosphate or a 3′-phosphoglycolate. The β-SSB or β-δ-SSB-containing oligonucleotides mimic the type of SSB produced by ionising radiation as a single lesion or within clustered damage and the HAP1-SSB represents the major damage from treatment of an AP site by HAP-1, abundant in cells. It is clear that a β-δ-SSB is much more efficient than a HAP1-SSB in inhibiting the excision of 8-oxoG by yOGG1. A further important finding is the major inhibitory effect on the excision of 8-oxoG when a β-δ-SSB is one base 3′ or 5′ opposite to 8-oxoG (15-and 23-fold inhibition, respectively) and to a lesser extent at the other positions tested (1.7-to 4.3-fold inhibition, Fig. 4C ). This inhibitory effect of SSBs on excision of 8-oxoG extends several base pairs away from the 8-oxoG lesion and may be very important in minimising the formation of DSBs in cells when processing clustered DNA damage containing base modifications (Figs 5 and 6 ). Several studies have shown that a DSB is formed when there are two SSBs, one on each strand, with n = 3-6, at a salt concentration relative to the ionic strength in the nucleus (29, 30) . From this finding, together with that from Figure 2A , it is suggested that, for an AP site 1-5 bases 5′ or 3-5 bases 3′ opposite 8-oxoG, the excision of 8-oxoG is initially favoured followed by the incision of the AP site. It is possible that the relative delay in the incision of an AP site by yOGG1 may permit the processing of 8-oxoG prior to incision at the AP site, thus minimising the formation of a DSB (as visualised in Fig. 6B ). In the particular case of an 8-oxoG at position +1 opposite an AP site, the rate of excision of 8-oxoG is significantly reduced whereas the rate of incision of the AP site by yOGG1 is only slightly affected by the presence of 8-oxoG. It is inferred that the formation of a DSB may therefore be avoided (Fig. 6B) and possibly favour the incision of an AP site in cells by AP endonuclease, followed by repair prior to excision of the second damage (8-oxoG). Comparison of SSB and DSB formation by yOGG1 using oligonucleotides containing an AP site opposite to 8-oxoG. Increasing amounts of yOGG1 (0.5-10 ng) were incubated with an oligonucleotide containing an 8-oxoG on the labelled strand and an AP site at various positions on the opposite strand. The reaction conditions were as described in Figure 2A ; half of the sample migrated on a 12% denaturing polyacrylamide gel to measure the percentage of SSBs (A) and the other half separated on a 10% native polyacrylamide gel to determine the level of DSBs induces by yOGG1 (B). The curves -5 to +5 represent the different positions of the β-δ-SSB relative to 8-oxoG as described in Table 1 , curve C represents the control DNA containing 8-oxoG opposite the normal complementary strand. Figure 7 . Effect of the presence of an opposite 8-oxoG on the efficiency of excision of an AP site (asterisk denotes that the AP site is on the labelled strand) by the AP lyase activity of the yOGG1 protein. The oligonucleotides containing a uracil on strand 1 at the various positions from -5 to +5 were 5′-end-labelled and hybridised to the complementary strand containing either the complementary base (used as control) or an 8-oxoG at the fixed base on strand 2 (see Table 1 ). Doublestranded oligonucleotides were treated with UDG to create an AP site at the various uracil positions prior to incubation with yOGG1 (100-500 pg). The fold inhibition/activation was obtained from comparison with the control containing no other damage on the non-labelled strand. The error bars represent the standard deviation from three to five different experiments.
Even though Fpg and OGG1 are not homologous, the effect of a base damage or a SSB on excision of 8-oxoG is similar. The extent of the inhibitory effect of a β-δ-SSB on excision of 8-oxoG seen in the presence of Fpg (M.-H.David-Cordonnier, J.Laval and P.O'Neill, unpublished data) is very similar to that observed in the presence of yOGG1. It is suggested that an evolutionary reproduction of the same processes occurred in bacteria and in eukaryotic cells for the excision of 8-oxoG within clustered damage by the Fpg protein and the yOGG1 protein. These studies provide insights into the sequence of events that may occur during the processing of a clustered DNA damage especially if DSB formation is to be minimised.
